Studies in different species, including human, mice, bovine, and swine, demonstrated that early-cleaving embryos have higher capacity to develop to the blastocyst stage and produce better quality embryos with superior capacity to establish pregnancy than late-cleaving embryos. It has also been shown that experimentally induced DNA damage delays embryo cleavage kinetics and reduces blastocyst formation. To gain additional insights into the effects of genome damage on embryo cleavage kinetics and development, the present study compared the occurrence of DNA double-strand breaks (DSBs) with the expression profile of genes involved in DNA repair and cell cycle control between early-and late-cleaving embryos. Porcine oocytes matured in vitro were activated, and then early-cleaving (before 24 h) and late-cleaving (between 24 and 48 h) embryos were identified and cultured separately. Developing embryos, on Days 3, 5, and 7, were used to evaluate the total cell number and presence of DSBs (by counting the number of immunofluorescent foci for phosphorylated histone H2A.x [H2AX139ph] and RAD51 proteins) and to quantify transcripts of genes involved in DNA repair and cell cycle control by quantitative RT-PCR. Early-cleaving embryos had fewer DSBs, lower transcript levels for genes encoding DNA repair and cell cycle checkpoint proteins, and more cells than late-cleaving embryos.
INTRODUCTION
Over the previous few decades, assisted reproductive technologies (ARTs) have been widely used for the treatment of infertility in humans and also in farm animal breeding programs. In vitro embryo production (IVP), which involves manipulation and in vitro culture of gametes and earlydeveloping embryos, is among the widely used ARTs. Despite decades of research investigating embryo biology and testing culture conditions for increasing IVP efficiency, only a minor proportion (,50%) of in vitro-produced embryos develop to the blastocyst stage. Although the in vitro culture environment still requires optimization [1, 2] , there is evidence showing that even transferring IV-matured (IVM) and IV-fertilized (IVF) embryos into the reproductive tract of host females results in lower development to the blastocyst stage than the embryos that are naturally matured, fertilized, and developed in vivo [3, 4] . This suggests that current culture conditions may not be the main factor responsible for reduced developmental capacity of IVP embryos. There is evidence that developmental capacity to reach blastocyst stage is determined mainly by oocyte quality [3, 5, 6] .
Early-cleaving embryos provide higher rates of blastocyst formation than late-cleaving embryos. This has been confirmed by several studies using diverse embryo production methods in different species including human embryos produced by intracytoplasmic sperm injection [7] , bovine [8, 9] and porcine [10] embryos produced by IVF, and porcine embryos produced by parthenogenetic activation and somatic cell nuclear transfer [11, 12] . Moreover, early-cleaving embryos were shown to have higher capacity to establish pregnancies [13] [14] [15] . These studies confirmed the fact that the kinetics of embryo cleavage are a good indicator of both pre-and postimplantation development.
Even though it is now well accepted that early-cleaving embryos are better equipped to sustain development, the cellular and molecular features involved in this process have not been fully characterized. Differences between early-and late-cleaving embryos have been reported in terms of gene expression [16, 17] , mRNA polyadenylation [18] , chromatin remodeling [19] , presence of cleaved caspase 3 [11] , and metabolic profiles [20] . We have observed that porcine embryos derived by IVF or somatic cell nuclear transfer that achieved 4-cell stage by 48 h of culture had lower numbers of DNA double-strand breaks (DSBs) than those that remained at the 2-cell stage [21] . This correlation suggests that latecleaving embryos have either higher incidence of DNA damage or lower capacity for DNA repair than early-cleaving embryos.
There is evidence from previous studies indicating that normal embryo development depends upon the maintenance of genome integrity. For example, laser microbeam-induced DNA damage in mouse zygotes reduced embryo cleavage and development to the blastocyst stage [22] . In addition, mouse zygotes derived from DNA-damaged sperm undergo cell cycle arrest at the G 2 /M border, and their first cleavage was delayed [23] . It has also been shown that cell cycle checkpoint kinase 1 (Chk1) and 2 (Chk2) were activated in zygotes with increased DNA damage [22, 24] . Studies with somatic cells have shown that these checkpoint proteins are activated in response to DSBs and induce cell cycle arrest, which is necessary to allow enough time for DNA repair to take place before segregation [25] [26] [27] .
In somatic cells, DSBs are recognized as the most important form of DNA damage, and their defective repair can result in mutations, genome instability, or cell death [28] [29] [30] [31] . Homologous recombination (HR) and nonhomologous end-joining (NHEJ) are the two main pathways responsible for DSB repair [32] . After DSB recognition, the protein kinases ataxia telangiectasia-mutated (ATM) and ataxia telangiectasia and Rad3-related (ATR), or DNA-dependent protein kinase (DNA-PK) phosphorylate the histone H2A.x (H2AX139ph or cH2AX) at the sites of DNA damage [33] [34] [35] . This facilitates access of the proteins involved in DNA-damage signaling and repair [36] . Moreover, H2AX139ph serves as a platform for the accumulation of DNA repair proteins involved in either HR (e.g., RAD51, MRE11, BRCA1) or NHEJ (e.g., 53BP1, KU80, DNA ligase IV, XRCC4) repair pathways around the damaged sites [37, 38] . To date, the incidence and consequences of DSBs have not been thoroughly investigated during early embryo development. Therefore, our objectives in this study were 1) to assess the occurrence of DSBs in early-and latecleaving embryos; 2) to investigate whether transcripts encoding DNA repair and cell cycle checkpoint proteins were regulated differently in embryos with different developmental capacities; and 3) to determine whether embryos with higher developmental capacity produced blastocysts with lower numbers of DSBs.
MATERIALS AND METHODS

Chemicals
Unless otherwise indicated, chemicals and reagents were purchased from Sigma-Aldrich (Oakville, ON).
Oocyte Collection and In Vitro Maturation
Ovaries of prepubertal gilts were obtained from a local abattoir (Olymel S.E.C./L.P., Saint-Esprit, QC) and transported to the laboratory in 0.9% NaCl at 328C to 358C. Follicles ranging from 3 to 6 mm in diameter were aspirated using an 18-gauge needle. Only cumulus-oocyte complexes (COCs) surrounded by a minimum of three cumulus cell layers and having an evenly granulated cytoplasm were selected for IVM. Groups of 30 COCs were cultured in 0.1 ml of maturation medium under mineral oil in a humidified atmosphere of 5% CO 2 and 95% air at 38.58C. Maturation medium consisted of TCM 199 (Life Technologies, Burlington, ON) supplemented with 20% porcine follicular fluid, 1 mM dibutyryl cyclic adenosine monophosphate (dbcAMP), 0.1 mg/ml cysteine, 10 ng/ml epidermal growth factor (Life Technologies), 0.91 mM sodium pyruvate, 3.05 mM D-glucose, 0.5 lg/ml luteinizing hormone (LH; Sioux Biochemical, Inc., Sioux Center, IA), 0.5 lg/ml follicle-stimulating hormone (FSH; Sioux Biochemical), and 20 lg/ml gentamicin (Life Technologies). After 22 to 24 h of maturation, oocytes were transferred to a similar IVM medium that did not contain LH, FSH, and dbcAMP, for an additional 20 to 22 h under the same conditions. Cumulus cells were removed by pipetting in TCM 199 HEPES-buffered medium (Life Technologies) supplemented with 0.1% hyaluronidase, and then oocytes were parthenogenetically activated and cultured.
Oocyte Activation and Embryo Culture
Selected oocytes were exposed to ionomycin (15 lM) for 5 min and then transferred to 10 mM strontium chloride in Ca 2þ -free porcine zygote medium (PZM-3) supplemented with cytochalasin B (7.5 lg/ml) and cycloheximide (10 lg/ml), in which they were incubated for 4 h. Oocytes were then washed in PZM-3 medium supplemented with 3 mg/ml bovine serum albumin (BSA; fatty acid-free) and cultured in a humidified atmosphere of 5% CO 2 and 95% air at 38.58C. Early-and late-cleaving embryos were selected at 24 and 48 h after activation, respectively, and cultured separately. Culture medium was supplemented with 10% fetal bovine serum on Day 5, and blastocyst rate was evaluated on Day 7.
Immunofluorescence Staining
Developing embryos at Days 3, 5, and 7 were fixed for 15 to 20 min in 4% paraformaldehyde in PBS and then permeabilized in 1% Triton X-100 in PBS for 30 min at 378C. Samples were incubated for 1 h at room temperature in blocking solution (3% BSA and 0.2% Tween-20 in PBS) and then incubated overnight with primary antibodies (H2AX139ph, 1:1000 dilution; Millipore, Billerica, MA; RAD51, 1:500 dilution; Santa Cruz Biotechnology, Dallas, Texas) diluted in blocking solution. Embryos were incubated for 1 h at room temperature in the presence of secondary antibodies anti-mouse immunoglobulin G (IgG) Cy3-conjugated (1:1000 dilution; Jackson ImmunoResearch Laboratories, West Grove, PA) or anti-rabbit IgG Alexa Fluor 488 (Life Technologies) diluted 1:1000. DNA was stained by exposing the samples to 10 lg/ml 4 0 ,6-diamidino-2-phenylindole (DAPI; Life Technologies) in blocking solution for 20 min. Samples were then mounted on microscope slides, using a drop of Mowiol. Slides were kept in a dark box and examined by epifluorescence, using an Eclipse 80i microscope (Nikon, Tokyo, Japan). Images were captured at 2003 to 10003 magnification, using a Retiga 2000R Monochromo digital camera (Qimaging, Surrey, BC). Numbers and sizes of H2AX139ph foci were evaluated in each nucleus by using SimplePCI imaging software (Compix, Inc., Sewickley, PA). Only foci larger than 0.3 lm 3 were counted as a site of DSBs [21, 38] . The number of RAD51 foci colocalized with the H2AX139ph foci, which indicate sites of DSBs engaged in the HR repair pathway, were also counted [37] [38] [39] .
RNA Purification and Quantitative RT-PCR
Total RNA was purified from groups of 30 (Day 3), 20 (Day 5), and 10 (Day 7) embryos, using an RNA isolation kit (PicoPure; Life Technologies) according to the manufacturer's instructions. RNA was treated with DNase I (Qiagen, Mississauga, ON) and reverse transcribed using SuperScript VILO cDNA synthesis kit (Life Technologies). Quantitative (q) real-time PCR (qPCR) reaction was carried out using a CFX384 Real-Time detection system (Bio-Rad, Mississauga, ON), iQ SYBR Green Supermix (Bio-Rad), 400 nM of primers and 2 ll of cDNA. Primers (Table 1) were designed using Primer-Blast (NCBI, Bethesda, MD) and specificity was confirmed using BLAST (NCBI, BOHRER ET AL.
Bethesda MD). Common thermal cycling parameters (5 min at 958C and 40 cycles of 15 sec at 958C and 30 sec at 608C) were used to amplify each transcript, and melting-curve analysis was used to verify the specificity of reaction products. Samples were run in duplicates, standard curve method was used to determine the abundance of mRNA for each gene, and expression was normalized to the mean abundance of the internal control genes ACTB and H2A. All reactions used for quantification had efficiency levels between 90% and 110% (coefficient of determination [R 2 ] ! 0.98) and slope values from À3.6 to À3.1.
Statistical Analyses
Statistical analyses were performed using the JMP software (SAS Institute, Inc., Cary, NC). Continuous data were analyzed using ANOVA, and means were compared using Student t-test or Tukey-Kramer honestly significant difference test for single or multiple comparisons, respectively. All experiments were repeated at least three times, and data are means 6 SEM. Differences were considered statistically significant at a P value of ,0.05.
RESULTS
Embryo Development and Total Cell Numbers
We first confirmed the superior developmental potential of early-cleaving embryos in our embryo production system. The proportions of early cleavage (before 24 h) and late cleavage (between 24 and 48 h) were 36.6% and 24.4%, respectively, for a total embryo cleavage of 61% (Fig. 1A) . Early-cleaving embryos developed to the blastocyst stage at a higher frequency than late-cleaving embryos (70.8% vs. 45%, respectively) (Fig. 1B) . In addition, early-cleaving embryos fixed on culture Day 3, 5, or 7 had higher cell numbers than late-cleaving embryos (Fig. 1, C-E) . The superior quality of early-cleaving embryos was particularly evident on development Days 5 and 7, when they had approximately 4 times more cells than late-cleaving embryos.
Presence of DSBs in Early-and Late-Cleaving Embryos
The objective in this experiment was to evaluate whether early-and late-cleaving embryos on development Days 3, 5, and 7 had different rates of DSBs. This evaluation was performed by counting the number of fluorescent foci larger than 0.3 lm 3 for the DNA damage response protein H2AX139ph. We detected a lower number of H2AX139ph foci in the nuclei of early-cleaving than late-cleaving embryos on Days 3 (Fig. 2, A and B) and 5 (Fig. 2, C and D) of development. Interestingly, there were no differences in numbers of DSBs between early-and late-cleaving embryos that developed to blastocyst stage on Day 7 (Fig. 2, E and F) . To further confirm the presence of DSBs, we also counted the number of fluorescent foci for the DNA repair protein RAD51 colocalized with H2AX139ph. As expected, we observed a higher number of RAD51 foci in late-cleaving embryos on both Day 3 (Fig. 3, A and B) and Day 5 (Fig. 3, C and D) of development.
Transcript Levels for DNA Repair and Cell Cycle Checkpoint Genes in Early-and Late-Cleaving Embryos
In this experiment, levels of mRNA abundance for genes involved in the HR and NHEJ pathways of DNA repair were compared between early-and late-cleaving embryos on Days 3, 5, and 7 of development. As shown in Figure 4 , mRNA levels of genes involved in the HR pathway were less abundant in early-cleaving embryos on Day 3 (RAD51, RAD52, and MRE11A) and Day 5 (ATM, ATR, RAD51, RAD52, and MRE11A) than in late-cleaving embryos. Interestingly, in embryos that developed to the blastocyst stage by Day 7, none of the assessed genes had different transcript levels between 
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early-and late-cleaving (Fig. 4) . Similarly, transcripts abundance for genes involved in the NHEJ pathway (Fig. 5) were higher in late-cleaving embryos at Day 3 (XRCC6 and LIG4) and Day 5 (PRKDC, XRCC4, XRCC5, XRCC6, and LIG4), but there were no differences in mRNA levels for any of the studied genes, comparing embryos that developed to the blastocyst at Day 7. Analyses of transcripts for the cell cycle checkpoint genes CHEK1 and CHEK2, which encode the checkpoint proteins Chk1 and Chk2, respectively, revealed that late-cleaving embryos had higher mRNA levels for CHEK1 on Days 3 and 5 and for CHEK2 on Day 5 than early-cleaving embryos (Fig. 6) . Levels of transcript abundance for both CHEK1 and CHEK2 were not different between late-and early-cleaving embryos on Day 7 of development (Fig. 6) .
DISCUSSION
Findings from this study provide evidence that DSBs affect early embryo cleavage kinetics and development to the blastocyst stage. Using a well-established model for embryo developmental competence, based on the time to first embryo cleavage, we showed that early-cleaving and more developmentally competent embryos have fewer DSBs than latecleaving and less developmentally competent embryos. We also found that early-cleaving embryos have lower transcript levels for genes encoding proteins that participate in either the HR or NHEJ pathway for DNA repair. In addition, transcript levels of the cell cycle checkpoint proteins Chk1 and Chk2 were more abundant in late-cleaving than in early-cleaving embryos. More importantly, we found that early-and late- A number of studies have shown that early-cleaving embryos of several species and produced by different protocols have superior developmental capacity and produce better quality blastocysts than late-cleaving embryos [7, [9] [10] [11] [12] . However, the cause and mechanisms behind the altered cell cleavage and development have not been sufficiently characterized. Our findings in this study revealed that the presence of DSBs may represent an important constraint for embryo cell cleavage kinetics and development. Indeed, by analyzing the number of H2AX139ph fluorescent foci larger than 0.3 lm 3 and the number of RAD51 foci [37] [38] [39] , we demonstrated that early-cleaving embryos had fewer DSBs than late-cleaving embryos on Days 3 and 5 of development. As expected, all RAD51 foci were colocalized with the H2AX139ph foci, which confirms that this protein involved in the HR pathway for DSBs was recruited to the damaged sites marked by the H2AX139ph foci. The remaining H2AX139ph foci not colocalized with RAD51 foci were also higher in late-cleaving than in early-cleaving embryos on Days 3 and 5 of development. This suggests that those foci would be engaged in the NHEJ repair pathway and therefore colocalized with other DNA repair proteins. Indeed, we have recently shown that H2AX139ph foci are colocalized with DNA repair proteins of both pathways in developing porcine embryos [39] , which suggests that both of the pathways are involved in DNA repair during early embryo development. In line with these observations are findings of previous studies indicating that the induction of DSBs in mouse zygotes delayed embryo cleavage and impaired development to the blastocyst stage [22, 23] . In addition, activation of checkpoint proteins and cell cycle arrest at the G 2 /M transition has been reported after fertilization with DNA-damaged sperm in mice [24] . Along with these previous observations, our findings suggest that slow cell cleavage during early embryo development is likely a cell response that allows enough time for DSB repairs to take place, thus preventing the segregation of DNA mutations to the somatic or germ cell lineages in the developing embryo. This could compromise fetal development and cell metabolism as suggested by previous studies [40] .
There are two main possible reasons that could explain the differences in number of DSBs between early-and latecleaving embryos, the higher incidence of damages in the latecleaving or the superior capacity for repair in the early-cleaving embryos. To further investigate the differences related to DSBs between early-and late-cleaving embryos, we quantified the transcript levels of genes encoding important proteins required for DNA repair at different stages of embryo development. Previous studies have reported the presence of transcripts for DNA repair genes in oocytes and early developing embryos [41, 42] , which suggests that the products of these genes are required during all stages of embryo development. In support of this hypothesis are the findings of our previous studies 
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confirming the fact that DNA repair genes are regulated in early-developing embryos in response to increased DSBs induced by ultraviolet exposure [39, 43] . The present study revealed that transcript levels for a number of DNA repair genes were more abundant in late-than in early-cleaving embryos at either Day 3 or Day 5 of development. Moreover, we observed that late-cleaving embryos can up-regulate DNA repair genes of both the HR and NHEJ pathways, which further supports a role of both of the pathways during early embryo development. Because the average number of cells of latecleaved embryos on Day 3 of culture was less than 4, we believe that up-regulation of genes involved in DNA repair occurred before the major activation of the embryonic genome, which occurs between 4 and 8 cells in the porcine embryo [44] [45] [46] . This is in line with our previous observation that latecleaved bovine embryos undergo premature chromatin remodeling, compatible with increased transcriptional activity [19] . Based on these findings, we propose that the higher number of DSBs in the late-cleaving embryos is more likely due to an increased incidence of damages rather than a decreased capacity for DNA repair.
To gain additional insights into the effects of DSBs on embryo cell cleavage and development, we compared the mRNA abundance of genes encoding the cell cycle checkpoint proteins Chk1 and Chk2 between early-and late-cleaving embryos. Chk1 and Chk2 are activated by the ATM and ATR kinases in response to DNA damage [47, 48] . Once activated, Chk1 and Chk2 promote degradation of the phosphatases Cdc25A and Cdc25C by inducing the phosphorylation of serine residues 123 and 216, respectively [49, 50] . Lack of Cdc25A and Cdc25C activity prevents dephosphorylation and activation of cyclin-dependent kinases, leading to cell cycle arrest. It is known that cell cycle arrest is an induced response to ensure damaged DNA is repaired before it replicates and 
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segregates in the cleaving cells [51] . In this study, we found higher levels of abundance of transcripts encoding Chk1 in late-cleaving embryos at Days 3 and 5 and Chk2 at Day 5. This indicates that the slow cleavage and reduced cell numbers observed in the late-cleaving embryos were likely due to activation of cell cycle checkpoints in response to damaged DNA. Supporting this observation are previous reports confirming the activation of Chk1 and Chk2 in mouse zygotes in response to induced DNA damage [22, 24] .
An interesting finding of the present study is that blastocysts derived from early-and late-cleaving embryos had similar numbers of DSBs as well as transcript levels of genes encoding DNA repair and cell cycle checkpoint proteins. This finding is in line with our previous observations in embryos produced by somatic cell nuclear transfer, whereas the induction of DNA damage by ultraviolet treatment significantly reduced embryo development, but those that achieved the blastocyst stage had similar number of DSBs and levels of transcripts encoding DNA repair genes [39] . These findings support the hypothesis that only the embryos with less DNA damage and/or superior capacity for DNA repair are able to progress to the blastocyst stage. In line with this hypothesis are previous findings by Wang et al. [22] indicating that mouse blastomeres with increased number of DSBs undergo apoptosis before the blastocyst stage.
In conclusion, data from this study indicate that the presence of DSBs can alter the kinetics of embryo cell cleavage and development to the blastocyst stage. We have also shown that transcripts for DNA repair and cell cycle checkpoint genes are up-regulated in late-cleaving embryos, which suggest that the high number of DSBs is more likely a consequence of increased DNA damage than defective DNA repair. Finally, our findings provide evidence that only embryos with less DNA damage and/or superior capacity for DNA repair are able to achieve the blastocyst stage. Because DSBs can result in DNA mutations and genome instability, which might be transmitted to the body tissues and also passed on to next generations, we propose that the selection of fast cleaving embryos may reduce the risks for segregation of altered genomes with threatening consequences for later life and health.
